A pteridine glycoside in Synechococcus sp. PCC 7942, the structure of which had been tentatively identified as biopterin-glucoside, was isolated and characterized for its exact chemical structure by 2D-NMR spectroscopy. The determined structure is 1-0-(L-erythro-biopterin-2'-yl)-a-glucose. It is the first report on the occurrence of a biopterin-glucoside having a a-configured sugar directly attached at the pteridine ring. This result also supports that the previously purified UDP-glucose: BH4 glucosyltransferase from Synechococcus sp. PCC 7942, which catalyzes the synthesis of BH4-glucoside from UDP-glucose and BH4, is a a-glucosyltransferase.
Introduction
Ptcridine glycosides are unconjugated pteridines having sugars attached to the side chain at C-6 of the pterin ring . They have been found in cyanobacteria (1-6) and a few prokaryotes such as anaerobic photosynthetic bacteria Chlorobium tepidum (7) and Chlorobium limicola (8) , and a chemoautotrophic archaebacterium Sulfolobus solfataricus (9) . Although no systematic investigation has been performed, recently determined chemical structures of a few pteridine glycos ides revealed that they have some variations in both of their pteridines and sugar moieties and also in their modes of glycosidic linkage. The biopterin glycosides isolated from Chlorobium limicola and Chlorobium lepidum have N-acetylglucosamines as sugar moieties attached by p-linkages to L-erythro-and L-threobiopterin, respectively (7, 8) . Another biopterin glycosides found in Aphanizomenon flos-aquae strains have xylose and glucose or mannose and glucose, remaining the glycosidic linkages unclear (5) . Cyanopterin, a recently identified pteridine glycoside in a cyanobacterium Synechocystis sp. PCC 6803, has the chemical structure of 6-[1-( 4-0-methyl-a-D-glucuronyl)-( 1 ,6)-(p-D-galactosyloxy)methylpterin (6) . On the other hand, solfapterin isolated from Sulojobus solfa/ariel/.I is a neopterin glycoside having nonacetylated glucos amine in a-linkage to 3'-OH group of neopterin (9) Recently we identified a biopterin-glucoside from a cyanobacterium Syn echococcus sp. pce 7942 and also purified an enzyme catalyzing the synthesis of full y reduced form of the compound from BH4 and UDPglucose, which was named UDP-glucose:BH4 glucosyltransferase (BGluT) (10) . The biopterin-glucoside, the stlUcture of 3which was identified by HPLC anal ysis and the BGluT enzyme activity, was presumed to have B-configured sugar, because the biopterin glycosides determined recently by NMR spectroscopy showed f)-configuration. However, N-terminal amino acid sequence determined from the purified enzyme BGluT was found to have homology with the putative protein of slrl166 in Synechocystis sp. PCC 6803 , which was classified to a retaining group of UDP-glycosyltransferases (11), meaning transfer of sugar in alinkage. Therefore, it became necessary to define the structure of biopterin-glucoside in Synechococcus sp. PCC 7942, especially for the configuration of the attached sugar. We determined the structure by 2D-NMR spectroscopy and report here a new biopteringlucoside linked by a-glycosidic bond. 
Materials and Methods
Culture conditions Synechococcus sp. PCC 7942 was grown photoautotrophically at 30°C in BG 11 medium under continuous white light (l00~120 mmol m' s") while bubbling with air.
Chemicals
All chemicals used were of reagent grade. Pteridine compounds were purchased from Dr. B. Schircks Laboratories, Jona (Switzerland). Inertsil ODS-3 CIS analytical column (4.6 x 150 mm) and Inertsil Prep-ODS column (20 x 250 mm) were from GL Sci. (Japan). Activated charcoal (C-43S6), a-and f3-glucosidase (G-5003, G-0395) were from Sigma.
Isolation and purification of hiopterin-glucoside
Biopterin-glucoside in Synechococcus sp. PCC 7942 was purified following the methods of Cha et al. (7) and Lee et al. (6) with some modifications. Frozen cells (35 g in wet weight) was suspended in water and mixed with an equal volume of acidic KIII2 solution (2%/1 % in 1 N HCI). The mixture was incubated for 1 h with continuous stirring at room temperature and centrifuged for 15 min at 10,000 X g to remove precipitates. Solid ascorbic acid was added to the supernatant until the dark brown color disappeared. Activated charcoal was added directly to the solution with intermittent swirling until no more pterin was detected in the supernatant by HPLC analysis. The supernatant was decanted and the remaining charcoal slurry was packed in a colunm. The column was washed extensively with water and then eluted with ethanol:4% NH 4 0H (l : 1) at a flow rate of 60 mUh . Fractions containing blue fluorescent material under UV light were combined and concentrated using a rotary evaporator. The resulting powder was dissolved in water, 'centrifuged, and filtered through a 0.2 /lm nylon membrane. The concentrated sample was subjected to HPLC (Kontron) equipped with Inertsil Prep-ODS colunm and UV detector (Kontron 430). The colunm was eluted isocratically with 3% aq. MeOH at a flow rate of 10 ml/min. The UV -absorbing peak at 276 nm with the retention time of 12 min was collected and evaporated to dryness (20 mg) using a rotary evaporator. The purity was confirmed by analytical HPLC.
Enzymatic cleavage of biopterin-glucoside
Approximately 1 /lmol of the purified biopteringlucoside was incubated with 2 units of a-or f3-glucosidase in 100 ruM potassium phosphate buffer (pH 7.2) for 30 min at 37°C. The reaction mixture was PteridinesIVol. 121No. 3 mixed with equal volume of acidic iodine solution and centrifuged to remove protein precipitate. The supernatant was reduced by 5% ascorbic acid and then subjected to HPLC analysis. Pteridines were separated on an Inertsil ODS-3 CIS colunm in 10 ruM K 2 HP0 4 , pH 6.0 at a flow rate of 1.2 ml/min and detected using fluorescence detector (HP 1046A) at 350 nmI450 nm (Ex/Em).
Results
In order to identify the sugar configuration and further to confirm our previous suggestion of the structure (10), the biopterin-glucoside in Synechococcus sp. PCC 7942 was purified in mass (20 mg/35 g of cells in wet weight) by charcoal and CIS prep-HPLC colunm chromatography. As a preliminary approach to identify the sugar configuration, the purified compound was incubated with a-or f3-g1ucosidase in order to see which enzyme cleaves the attached glucose residue. As shown in (Fig. 1 C) , the biopterin-glucoside was cleaved by a-glucosidase to yield a biopterin peak but not at all by f3-g1ucosidase (data not shown). This result indicates that the biopterin-glucoside of Synechococcus sp. PCC 7942 has a-glycosidic bond. The purified biopterin-glucoside was analyzed further by NMR spectroscopy. The 300 MHz lH NMR spectrum in DP (Fig. 2) presented the C-7 proton of biopterin as a singlet at 8.85 ppm. The other signals of biopterin moiety originate from H-C (I', Ha) (d, J = 6.9 Hz, at 4.89 ppm), H-C (2', Hb) (m at 4.12 ppm), and methyl (3') (d at 1.35 ppm) . From the doublequantum-filtered (DQF)-COSY (Fig. 3) , H 1-C of the sugar moiety at 5.05 ppm reveals through its coupling constant eJH1 .1l2 = 3.6 Hz) that we are dealing with a aglycosidic linkage between the glucose and biopterin. The coupling constant 3JH 1.H2 of (3-glucosides are generally 7.4 Hz and that of the a-anomers are 3 Hz. The configuration of purified biopterin-glucoside was confirmed by NOSEY NMR (Fig. 4) . From NOSY spectrum of biopterin-glucoside, H1-C illustrates the coupling with Hb and methyl of the biopterin moiety and only the H 2 -C of the sugar moiety by the direct through space contact, while H}-C and Hs-C show the intensive contact each other. We, therefore, identified the biopterin-glucoside as a-configuration.
These results also support that the previously purified BGluT enzyme catalyzing the synthesis of BH4-glucoside in Synechococcus sp. PCC is a a-glucosyltranferase. In contrast, including a pteridine glycosyltranferase from Chlorobium limicola (12) , most of PtcridineslVol. 12fNo. 3 UDP-glycosyltransferases catalyzing the addition of a glycosyl moiety from an UDP-sugar to an aglycone, such as T 4 phage (3-glucosyltransferase (J 3), baculovirus ecdysteroid UDP-glucosyltransferase (14) , and flavonol 3-0-galactosyltransferase and limonoid UDPglucosyltransferase in plants (15, 16) , are known as (3-glycosyltransferases . Further characterization of BGluT will be of interesting in the point of its catalytic mechanism and evolutionary relationship between other (3-g1ycosyJ types of pteridine glycosyltransferases.
Conclusions
The biopterin-glucoside in Synechococcus sp. PCC 7942 was determined as 1-0-(L-erythro-biopterin-2'-yl)-a-glucose. This result supports that the previously purified UDP-glucose:BH4 glucosyltransferase from the organism (lO), which catalyzes the synthesis of BH4-glucoside from UDP-glucose and BH4, is a a-glucosy I transferase.
